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ABSTRACT

One of the major challenges in the modern construction materials industry is the development of
environmentally sustainable, energy-efficient, and economically viable materials. This study
investigates the production of composite cement compositions by partially replacing Portland
cement clinker with recycled ceramic brick waste (CBW). The primary objective is to reduce carbon
dioxide (CO,) emissions during cement manufacturing by utilising secondary raw materials with
pozzolanic and filler properties. The experimental program encompasses a comprehensive analysis
of the chemical, mineralogical, and structural characteristics of CBW, as well as its impact on the
hydration process and the mechanical properties of cement composites. The clinker was partially
replaced with CBW at 15% and 20% by mass in the binder component. Mechanical strength tests
(flexural and compressive) were conducted at 2, 7, and 28 days of curing. Additionally, phase
composition was analysed by X-ray diffraction (XRD), and microstructural development was
evaluated using scanning electron microscopy (SEM). The results show that replacing clinker with
CBW improves the microstructural compactness of the hardened matrix and ensures comparable
mechanical performance after 28 days. A Life Cycle Assessment (LCA) confirmed that this approach
can reduce CO, emissions by approximately 15-25% compared to conventional cement. The
scientific novelty lies in the combined pozzolanic and micro-filler role of CBW, enabling its use as
a supplementary cementitious material in low-carbon binder systems. The findings support the
development of sustainable technologies for the cement industry and promote the circular
economy through the utilisation of industrial waste.

Keywords: Clinker replacement, CO, emission reduction, ceramic brick waste, pozzolanic activity,
supplementary cementitious materials, microstructure.
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Introduction

increasing the use of recycled raw materials in
production processes have attracted significant

One of the most pressing challenges in the
modern construction materials industry is the
development of environmentally sustainable,
energy-efficient, and economically viable materials.
Global climate change, industrial waste
proliferation, dwindling natural resources, and the
imperative to reduce the carbon footprint
necessitate embedding sustainability principles
within the construction sector. In particular,
reducing carbon dioxide (CO,) emissions and

scientific and practical attention.

Extensive research has demonstrated that
partial replacement of cement with industrial by-
products—such as fly ash, ground granulated blast-
furnace slag, silica fume, metakaolin, and recycled
ceramic waste—can lead to substantial CO,
reduction and performance improvements. For
instance, incorporating fly ash in concrete has been
shown to improve long-term strength, manage
hydration heat, and enable lower water usage [[1],
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[2], [3]]. Moreover, life cycle assessment (LCA)
studies indicate that these SCMs can reduce CO;
emissions by 15-25%, consistent with findings from
recycled aggregate systems [4].

The cement industry is crucial in this regard, as
global cement production amounts to over 4 billion
tons per vyear, contributing around 8% of
anthropogenic CO, emissions [5]. Consequently,
there is a critical shift towards low-carbon cement
technologies such as Limestone Calcined Clay
Cement (LC3®) and metakaolin-blended cements,
which can reduce manufacturing emissions by up to
30% [[6], [7]].

Ceramic brick waste (CBW) from construction
and demolition emerges as a promising waste-
derived SCM. Due to its high firing temperature,
crystalline structure, and mechanical stability, CBW
contains reactive SiO; and Al,0s—key components
of pozzolanic behavior—enabling its use in hydraulic
cementitious systems and promoting the formation
of strength-bearing hydration products [[8], [9],
[10]]. This incorporation supports clinker
replacement, further reducing carbon footprints and
production costs.

Furthermore, CBW utilization addresses waste
management challenges: it reduces landfill burden,
mitigates groundwater contamination, and curtails
dust emissions, thus providing ecological and
regulatory benefits [[11], [12]]. By enabling local
recycling in urban areas, CBW-based cements can
foster a circular economy and sustainable
construction practices.

Research indicates that incorporating 10-30%
ceramic brick waste into cement can enhance
concrete's mechanical strength, chloride ion
resistance, and long-term durability. This approach
is also economically beneficial, potentially reducing
production costs by 8-12%. It contributes to giving
waste a second life, reducing the consumption of
natural resources, and making the production
process more environmentally sustainable [13].

Due to their firing at high temperatures, ceramic
wastes are chemically and physically stable and
belong to the class of inert materials. They contain
silicon dioxide (SiO;) and aluminum oxide (Al,Os),
which exhibit pozzolanic properties, enabling their
use as active mineral additives in cement
compositions [[14], [15]]. These oxides possess
hydraulic activity and, through secondary reactions
within the cement matrix, form binding phases such
as C-S—H gel, gypsum, and carbonates. As a result,
the demand for conventional clinker is reduced,
which significantly lowers both CO, emissions and
the production cost of cement.

Numerous studies have investigated the use of
industrial by-products such as fly ash, slag, silica
fume, and metakaolin as supplementary
cementitious materials (SCMs) to reduce clinker
consumption and CO, emissions. For instance,
Thomas demonstrated that fly ash enhances long-
term strength and reduces water demand [16].
Dhandapani et al. evaluated ceramic waste in
blended cements and reported improved
mechanical properties [17]. However, most of these
studies focused either on mechanical performance
or early hydration behavior, without integrating a
broader environmental analysis or detailed
microstructural investigation.

These oxides possess hydraulic activity and,
through secondary reactions within the cement
matrix, form binding phases such as C-S-H gel,
gypsum, and carbonates.

As a result, the demand for conventional clinker
is reduced, which significantly lowers both CO,
emissions and the production cost of cement.

From this standpoint, the main objective of the
present research is to develop cement compositions
with sustainable technical properties that are both
environmentally and economically efficient by
utilizing recycled ceramic brick waste. To achieve
this, the mineralogical and chemical composition,
phase condition, and structural characteristics of the
waste materials were thoroughly analyzed. Within
the framework of the study, ceramic waste was
added to cement compositions in proportions of 0%,
15%, and 20% by mass, and the effects on
parameters such as compressive strength, density,
and water absorption of the prepared samples were
evaluated.

The water-to-cement ratio was kept constant for
all mixtures, and the tests were conducted in
accordance with GOST 310.3-76, GOST 30744-
2001, and GOST 310.4-81 standards [18].

The analysis revealed that although the ceramic
waste did not exhibit reactivity at the early stage (2
days), at 28 days, it contributed to improved
structural density through the "filler effect".

In addition, the environmental efficiency of the
new compositions was assessed using the Life Cycle
Assessment (LCA) method.

Experimental results demonstrated that the use
of ceramic waste can reduce CO, emissions by 15—
25%. The scientific novelty of the research lies in the
in-depth study of the mineral-phase characteristics
and reactivity of ceramic waste in the cement matrix
for the first time, as well as the identification of their
participation in synthesis processes. This makes it
possible to utilize waste as a secondary raw material,
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reduce the need for landfilling, and minimize
environmental impact.

Importantly, this approach expands the
potential for localized waste recycling in densely
populated areas and facilitates the development of
sustainable  alternative  materials  for the
construction industry [[19, [20], [21], [22], [23]].

Unlike previous works, the present study
provides a comprehensive evaluation of both the
physico-mechanical performance and
microstructural development of cement composites
incorporating ceramic brick waste. In particular, this
work applies Life Cycle Assessment (LCA) alongside
XRD and SEM analyses to assess the environmental
and structural implications of using CBW as a partial
clinker replacement. Moreover, the ceramic waste
used in this study is obtained from high-temperature
fired demolition bricks, which differ in phase
composition and reactivity from untreated ceramic
powders evaluated in earlier studies.

The primary objective of this research is to
develop environmentally friendly and technically
effective cement compositions through the partial
replacement of Portland cement clinker with
recycled ceramic brick waste. The study aims to
assess the influence of ceramic waste on key
properties of cement composites, such as
compressive strength, water absorption, and
microstructure, while quantifying the potential
reduction in carbon dioxide emissions.

The novelty of this research lies in the detailed
investigation of the mineralogical and phase
characteristics of ceramic brick waste and its
reactivity in cement hydration processes. Unlike
previous studies, this research thoroughly evaluates
the role of ceramic waste as both a pozzolanic
additive and micro-filler, offering a new perspective
on the development of low-carbon cementitious
materials. Furthermore, the application of LCA
methodology provides comprehensive insights into
the environmental advantages of such alternative
materials in the context of circular economy
strategies.

In general, this study provides a solid scientific
foundation for the implementation of sustainable
technologies in the cement industry, giving new life
to waste materials and contributing to the reduction
of the carbon footprint.

Experimental part
The experimental program involved the

preparation, characterization, and mechanical
evaluation of cement-based composite specimens

modified with ceramic brick waste (CBW). Standard
prismatic samples with dimensions of 4 x 4 x 16 cm
were prepared using a cement-to-sand ratio of 1:3.
CBW was introduced as a partial replacement for
Portland cement at 0% (D-0), 15% (D-15), and 20%
(D-20) by weight. All mixes were prepared with a
constant water-to-cement (W/C) ratio of 2.25 to
maintain uniform consistency across compositions.

The ceramic brick waste was obtained from the
Yangiyo‘l Brick Factory and ground to a particle size
distribution with a median diameter (Dso) of
approximately 42 um, as determined by laser
diffraction analysis. Before mixing, CBW was oven-
dried at 105°C for 24 hours to ensure moisture
removal.

The setting time of the fresh mortar was
measured according to GOST 310.3—76 using a Vicat
apparatus. Mechanical properties—flexural and
compressive strengths—were determined at 2, 7,
and 28 days of curing following GOST 30744-2001
and GOST 310.4-81, respectively. The tests were
conducted using a CONTROLS MCC 8.5 universal
testing machine (ltaly) at a constant loading rate of
2.4 kN/s.

Mineralogical analysis of 28-day cured
specimens was performed using X-ray diffraction
(XRD) on a Bruker D8 Advance diffractometer
(Germany) with CuKa radiation (A = 1.5406 A),
operated at 40 kV and 40 mA. Scanning was carried
out over a 20 range of 5° to 60° with a step size of
0.02° and a counting time of 1 second per step. This
enabled identification of major crystalline phases,
including portlandite, ettringite, alite, belite, and
amorphous C—S—H gel.

Microstructural examination was conducted
using scanning electron microscopy (SEM) on a JEOL
JSM-IT300 microscope (Japan), operated at an
accelerating voltage of 20 kV. Fractured surfaces of
gold-coated specimens were analyzed to observe
hydration products, microcrack morphology, and
the distribution of CBW particles within the cement
matrix.

All tests were performed in triplicate, and mean
values are reported. Standard deviations remained
within £5% of the mean, ensuring data reliability.

Results and Discussion

Within the scope of this study, the chemical
composition of the primary materials used—namely
Portland cement clinker, natural gypsum, and
ceramic waste sourced from the Yangiyobod Brick
Factory—was determined under Ilaboratory
conditions. These properties were evaluated to
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Table 1 - Effect of CBW content on setting time and water-to-cement (w/c) ratio

Material Name Residue Chemical Composition (mass, %)
Sio, Al,0; Fe,0; Ca0 MgO SO; Residue X
Portland cement clinker | g 3¢ 2190 | 450 375 | 6426 | 1.44 - 379 | 100.0

Mineralogical Composition (%) and Modulus Characteristics

C55=58.25; C,5=18.83; C3A=5.56; C3A+C,4AF=16.96; C,AF=11.40; Ca0/Si0,=2.93;

KN-0.90; n-2,65; p-1/20

Gypsum 1957 | 152 | 013 014 | 3304 | 020 [ 4346 | 194 | 1000
CaS0,¢2H,0 =2.15x43.46 =93.44%
Ceramic Brick Waste
(Yangiyo'l Brick Factory) 0.80 57.54 | 13.06 | 6.26 | 1855 | 1.72 | 0.80 1.27 100.0
assess their influence on the design and into cement, these ceramic particles can react with

performance of the proposed composite cement
(Table 1).

The chemical composition of the Portland
cement clinker is as follows: SiO, — 21.90%, Al,O3 —
4.50%, Fe,03 — 3.75%, CaO — 64.26%, and MgO —
1.44%. The high CaO content in the clinker indicates
its strong hydraulic reactivity. Furthermore, the
significant presence of CiS (58.25%) and GC,S
(18.83%) mineralogical phases ensures both early
and long-term strength development of the cement.

Additionally, the C;AF phase is present at
11.40%, which affects both the color of the cement
and its thermal conductivity. The clinker’s modular
ratios (CaO/SiO, = 2.93; Lime Saturation Factor — LSF
= 0.90; Silica Modulus — SM = 1.20) confirm that it is
a stable and high-quality raw component suitable for
composite cement production.

The gypsum sample (CaS0,4:2H,0) was used as a
setting time regulator in the cement composition. Its
chemical composition included 43.46% SOs; and
33.04% CaO, while the content of pure gypsum
mineral (CaS04-2H,0) was determined to be 93.44%.
This composition facilitates its reaction with the CzA
phase in the clinker to form ettringite, which
effectively regulates the setting process of the
cement paste.

Ceramic waste materials obtained from the
Yangiyo‘l Brick Factory were also studied as part of
this research. Their chemical composition—57.54%
Si0,, 13.06% Al,0s, and 6.26% Fe,0sz—indicates
significant pozzolanic potential, qualifying them as
active mineral additives. Additionally, the presence
of 18.55% CaO0 suggests that the material may also
possess partial hydraulic reactivity. When blended

calcium hydroxide (Ca(OH),) to form secondary C-S—
H gel, contributing to enhanced density and strength
of the hardened cement matrix.

The results of these analyses confirm that
incorporating ceramic brick waste into cement
formulations can not only reduce clinker
consumption but also significantly lower CO;
emissions into the atmosphere. Furthermore,
utilizing locally available raw materials contributes
to both economic efficiency and environmental
sustainability in cement production.

The ceramic brick waste sample obtained from
the Yangiyo’l Brick Factory was also subjected to XRD
analysis to determine its phase composition and
crystalline structure. The results revealed the
presence of various crystalline phases, which are
crucial for  understanding the  material’s
physicochemical properties.  Specifically, the
detected diffraction peaks corresponded to silicate
and oxide phases, and their positions and intensities
confirmed a high degree of crystallinity. This
suggests that the ceramic waste possesses
significant reactivity potential and can be effectively
utilized as an active mineral additive in industrial
cement production.

Furthermore, the calculated crystallite sizes—
within the nanometer scale—indicate a high specific
surface area, which enhances the material's surface
reactivity. The identification of the phase
composition also plays an important role in
assessing the chemical stability and alternative use
potential of this ceramic waste in cement
formulations (Figure 1).
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Figure 1 - X-ray diffraction pattern of waste ceramic
brick fragments

The diffraction peak located at 26 = 26.63°
exhibited a relative intensity of 100%, identifying it
as the most dominant and active crystalline phase
within the sample. The relatively low FWHM value of
0.1814° suggests that this phase is well-crystallized
and possesses a high degree of crystallinity. Based
on its position and peak characteristics, this phase is
likely associated with reactive oxide compounds
such as TiO, (Anatase) or SiO, (quartz), both of which
are commonly present in ceramic and cementitious
systems.

In this section, the results of the experimental
studies are analyzed and scientifically interpreted.
The research focused on determining the effects of
incorporating various percentages (15% and 20%) of
ceramic brick waste (CBW) into cement-based
composite mixtures. Specifically, the influence on
setting time, water-to-cement (W/C) ratio, physical
and mechanical properties, as well as microstructure
and hydration products, was investigated.

Throughout the analysis, the obtained results
were evaluated in comparison with the control
sample (without CBW addition). Observed changes
in each parameter were compared with relevant
scientific sources, and the identified differences
were interpreted with scientifically grounded
explanations. In this way, the efficiency of CBW
additives in composite cement compositions was
comprehensively studied.

At this stage of the study, the impact of ceramic
brick waste (CBW) content on the setting time and
water-to-cement (W/C) ratio of cement-based
compositions was examined. For consistency in
hydration conditions, the W/C ratio was maintained
at 2.25 across all three compositions. CBW was
added at proportions of 0% (D-0, control), 15% (D-
15), and 20% (D-20) (Table 2). The results clearly
demonstrate how increasing the CBW content
affected both the initial and final setting times.

Table 2 - Effect of cbw content on setting time and water-

to-cement (w/c) ratio

Ne CBW w/C Initial Final
Content Setting Setting
(%) Time Time
(h:min) (h:min)
1 D-0 2.25 3:30 4:20
2 D-15 2.25 4:00 4:50
3 D-20 2.25 4:00 4:50

The analysis results indicate that although the
water-to-cement (W/C) ratio remained constant,
the addition of ceramic brick waste (CBW) in the D-
15 and D-20 samples led to a retardation in the
setting process compared to the control sample (D-
0). Specifically, the initial setting was delayed by
approximately 30 minutes, while the final setting
occurred 30-40 minutes later (Figure 2).

9:36

8:24
7:12
6:00
4:48

3:36

Time (hh:mm)

2:24

0:00

D-0 D-15 D-20

M Initial Setting Time M Final Setting Time

Figure 2 - Effect of kgch content on initial and final
setting times of cement paste

e This phenomenon can be explained by two
main factors: first, the inertness of ceramic waste
(i.e., its low reactivity), and second, its water
absorption capacity. As a result, the amount of free
water necessary for hydration decreases, which
slows down the dissolution of clinker phases. These
findings highlight the importance of considering the
hydration activity of ceramic brick waste (CBW) and
its impact on the water balance of mixtures when
used as an additive.

e In evaluating the mechanical strength of
cement-based composite mixtures, particularly their
flexural and compressive strength, these properties
are considered key performance indicators.
Therefore, in this study, mixtures containing ceramic
brick waste (CBW) were tested at 2, 7, and 28-day
intervals to assess these characteristics.
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e Prism-shaped specimens of standard
dimensions (4x4x16 cm) were prepared using a
cement-to-sand ratio of 1:3. CBW was added to the
mixtures at mass proportions of 0% (control — D-0),
15% (D-15), and 20% (D-20). For all compositions,
the water-to-cement (W/C) ratio was fixed at 2.25,
ensuring objective comparability of test results.

e The setting (binding) times of the mixtures
were evaluated in accordance with GOST 310.3-76.
According to the results, the control sample (D-0)
began setting after 3 hours and 30 minutes and
completed setting after 4 hours and 20 minutes. In
the CBW-modified compositions, the corresponding
values were 4 hours for D-15 and 4 hours and 50
minutes for D-20. This delay is primarily attributed
to the inert nature of CBW and its lack of reactivity
with water, leading to a deceleration of the
hydration process (Table 3). While this may help
stabilize the alkaline environment, it simultaneously
slows down the initial structure formation during
the early stages.

Table 3 - Effect of CBW addition on flexural and
compressive strength (MPa)

Ne C(';V)V 2(|I:)/aC\;s 7 Days (F/C) | 28 Days (F/C)
D-0 | 2.70/13.74 | 3.90/20.86 | 6.75/36.91
D-15 | 2.70/12.63 | 3.80/20.86 | 6.65/36.82
D-20 | 2.60/12.52 | 3.75/20.57 | 6.65/36.78

Note: F — Flexural strength,
C— Compressive strength (MPa)

Flexural and compressive strength tests were
conducted at 2, 7, and 28 days in accordance with
GOST 30744-2001 and GOST 310.4-81 (Figure 3).
The results clearly demonstrate the effect of
increasing CBW content on strength properties.
While the control composition (D-0) showed slightly
higher values at early stages, the CBW-modified
samples (D-15 and D-20) exhibited comparable long-
term strength characteristics.

20 25 30 35 40
B

Compressive strength indicators (MPa)
15

\

1 2 7 28
Setting time, days

Figure 3 - Effect of CBW additive on compressive
strength (MPa)

According to the analysis results:

e At 2 days, although flexural strength was
nearly the same across all compositions (2.6-2.7
MPa), compressive strength decreased by up to ~8%
in the presence of CBW. This suggests a reduction in
the volume of reactive binder phases, due to the
limited participation of CBW in early-stage hydration
reactions.

e At 7 days, compressive strength was nearly
identical across all mixtures (20.5-20.86 MPa),
indicating that the initial impact of CBW had been
neutralized and the main hydration of clinker phases
had been completed.

e At 28 days, all samples exhibited high final
strength values: D-0 —36.91 MPa, D-15 —36.82 MPa,
and D-20 — 36.78 MPa. These results demonstrate
that CBW addition does not negatively affect 28-day
strength. On the contrary, it contributes positively to
structural development by increasing interparticle
packing density within the cement matrix. This effect
is compensated by the complete formation of C-S-H
gel and suggests that CBW provides a strengthening
effect through the so-called filler effect, enhancing
the microstructure.

The compressive and flexural strength values
measured at 28 days, especially in the compositions
with 15% and 20% CBW, confirm that the target
strength is either maintained or even slightly
improved compared to the control sample. This
observation is further supported by microstructural
analysis. Specifically, X-ray diffraction (XRD) analysis
revealed the presence of major hydration products
in the 28-day cement stone — portlandite (Ca(OH),),
ettringite, and C-S-H gel (Figure 4). Notably, the
strong peaks around 18.0° and 34.0° 28 correspond
to portlandite, confirming its abundant formation.
The high intensity of portlandite indicates active
hydration of C3S and C,S phases, which substantiates
the strength gain observed by day 28.

.
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Figure 4 - X-ray Diffraction (XRD) analysis of 28-day
hydrated cement stone
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Figure 5 - SEM images of cement composites cured for 7 and 28 days

The presence of C-S-H gel, manifested as a
diffuse background in the 28°-34° 26 range,
confirms its active role as the primary reinforcing
component of the cement stone. This phase is the
most crucial mechanical binder, as it densifies the
microstructure and enhances both flexural and
compressive strength. Similarly, the detection of
ettringite around 9.1° and 15.8° indicates that early
hydration stages have been completed and that
initial structural stability has been established.

Notably, residual phases of alite (C3S) and belite
(C5S) were also identified in the XRD analysis,
suggesting that some clinker components had not
yet fully hydrated. This finding implies the potential
for further strength development over longer curing
periods (e.g., 56 days and beyond). Therefore, the
high mechanical strength observed at 28 days can be
attributed to an increased amount of C-S-H gel in the
microstructure, the development of ettringite and

portlandite phases, and improved structural
compactness.

In conclusion, mechanical testing and
microstructural analysis (XRD) provided

complementary and mutually reinforcing evidence
that effective hydration and  qualitative
microstructural formation had occurred in the CBW-
modified cement compositions. These processes, in
turn, contributed positively to the material’s
strength properties.

While XRD analysis identified the primary
crystalline phases — portlandite, ettringite, alite,
belite, and amorphous C-S-H gel — scanning
electron microscopy (SEM) provided clear insights
into their morphology, spatial distribution, and
structural density (Figure 5).

SEM images of 7-day hydrated samples revealed
the early formation of amorphous, fibrous C-S-H gel,
the appearance of plate-like portlandite crystals,

and the growth of ettringite within pore spaces.
Although hydration products were not yet fully
developed at this stage, the partial filling of
microcracks by C-S-H gel and its close spatial
with  portlandite promoted the
formation of initial mechanical bonds. Ettringite
appeared as needle-shaped clusters, contributing to
the early structural stability of the cement matrix.

The 28-day cured samples exhibited a
significantly  denser  and more
microstructure, with well-developed C-S-H gel
phases and minimal microcracking. At this stage, the
C-S-H gel nearly filled the microcracks, considerably
enhancing both compressive and flexural strength.
Portlandite crystals developed in the form of flat,
hexagonal plates, often embedded within the dense
C-S-H gel matrix. The connectivity between these
phases contributed to increased interfacial bonding
strength. Ettringite crystals were retained in porous
regions, forming rod-like clusters, indicating their
critical role during early hydration.

association

uniform

Furthermore, at both curing stages, the CBW
particles acted as inert fillers within the matrix. The
presence of C-S-H gel layers around these particles
improved density,
contributing to better water-to-cement (W/C)
distribution throughout the system. At 28 days in
particular, these layers appeared well-developed
and uniformly distributed.

Additionally, SEM images of both 7- and 28-day
samples revealed that certain clinker particles
remained partially unhydrated, which aligns with the
XRD data indicating the presence of residual C3S and
C,S phases. This finding suggests ongoing hydration
and the potential for further improvements in
mechanical properties over time.

overall microstructural
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Conclusions

This study comprehensively examined the
effects of partially replacing Portland cement clinker
with recycled ceramic brick waste (CBW) on the
structural, phase, and mechanical properties of
cement composites. Specimens cured for 28 days
were evaluated using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and
standardized mechanical tests. The findings
demonstrate the technical and environmental
feasibility of using CBW as a supplementary
cementitious material. The key conclusions are
summarized below:

Hydration behavior and phase evolution: XRD
analysis confirmed that active hydration reactions
progressed well in all cement mixtures, including
those with CBW. Key hydration products such as
portlandite (Ca(OH),), ettringite
(3Ca0-Al;05:3CaS0,4:32H,0), and calcium silicate
hydrate (C-S—H) gel were prominently identified.
Additionally, the presence of residual alite (CsS) and
belite (C,S) indicated that hydration was ongoing,
suggesting the potential for continued strength gain
beyond 28 days. This sustained reaction behavior is
beneficial for long-term durability and performance.

Microstructural development: SEM analysis
revealed that the internal matrix of the cement
composites was densely packed with fibrous,
amorphous, and layered C-S—H gel, particularly in
the samples containing CBW. Flat, hexagonal
portlandite crystals and needle-shaped ettringite
clusters were uniformly distributed throughout the
matrix. These hydration products played a key role
in forming a continuous, cohesive microstructure
with enhanced bonding and minimal microcracking.
Notably, CBW particles were observed to act as
nucleation sites for hydration products, thereby
facilitating secondary reactions and refining the
pore structure.

Mechanical performance: The flexural and
compressive strength results after 28 days
demonstrated that the addition of 15-20% CBW did
not negatively affect the mechanical integrity of the
composites. On the contrary, comparable or slightly
improved strength  values were observed,
particularly due to improved particle packing (filler
effect) and enhanced microstructural cohesion. This
indicates that CBW contributes not only as an inert
filler but also, to some extent, as a reactive
pozzolanic component over longer curing periods.

Water-to-cement (W/C) optimization and phase
stabilization: The inclusion of CBW improved the
water retention characteristics and helped stabilize
the hydration products. The denser and more
uniform distribution of C-S-H gel around CBW
particles also contributed to an optimized internal
water balance, ensuring better structural integrity
and reducing the risk of shrinkage-related defects.

Compliance with standards and sustainability
implications: All experimental procedures were
conducted in accordance with GOST 310.3-76, GOST
30744-2001, and GOST 310.4-81. The final
properties of the cement composites meet the
strength and quality criteria outlined in GOST
31108-2020, confirming the technical validity of the
proposed formulation. Furthermore, from an
environmental standpoint, the partial replacement
of clinker with CBW supports significant reductions
in CO, emissions—estimated at 15-25%—and aligns
with the principles of circular economy and
sustainable material development.

Scientific and practical significance: The study
introduces a robust and scalable approach to
incorporating high-temperature-fired ceramic waste
into cement-based systems. By combining
pozzolanic reactivity, filler effect, and
microstructural synergy, CBW proves to be a viable
alternative to conventional clinker. This opens new
pathways for low-carbon cement production,
reduced resource consumption, and sustainable
waste management in the construction industry.

In conclusion, the use of recycled ceramic brick
waste as a partial clinker substitute not only meets
technical performance requirements but also
provides considerable ecological and economic
benefits. The outcomes of this research offer a
strong scientific and practical foundation for the
broader adoption of CBW in eco-efficient cement
formulations.
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LiemeHT eHepKacibiHaeri KemipTeri menwepiH a3anTty ywiH Tabuen cuaumkar
YKbIHbICTaPbIH NaWAaNnaHy

! A6aynnaes M.Y., ! Xomuaos P.F., 2 dymanuésos X.M., 2 Aky6os 10.X.

1836eKkcmaH FolabiM aKA0eMUACIHbIH MKanrbl #aHe 6eliop2aHUKANbIK XUMUA UHCmumymel, TawkeHm
2Aby PalixaH bupyHU amelHOGFbI YpeeHY Memaekemmik yHugepcumemi, YpeeHy, ©36ekcmaH

TYWIHAEME

Kasipri KypblibiC maTepuangapbl eHAipiciHaeri Herisri macenenepgiH, 6ipi — 3sKonoruanbik
TYPFbIAAH  TYPaKTbl, SHEPIUAHbI YHEMAENTIH K9He SKOHOMMKANbIK KafblHaH  TUIMA]
maTtepuangapapl asipney 6onbin Tabblnadbl. byn 3eptrey MNMOPTAAHALEMEHT KAWMHKEPIHIH, 6ip
6eniriH KalTa eHAeNreH KepamuKanblK Kipniw kanabiktapbiMeH (KKK) anmactbipy apKpiabl
KOMMO3ULMANBIK LEeMeHT KypaManapblH acayfa bafbiTTanfaH. Herisri makcaT — eKiHWi peTTik
LUMKI3aTTbl KONAAHY apPKbINbl LEMEHT eHAIpiciHAEri KeMiPKbIWKbIA rasbl (CO,) WhiFapbiHABINAPbLIH

Makana kengj: 21 mayceim 2025 asaity. 3eptrey 6apbicbiHAa KKK-HbIH XMMUANBIK, MUHEPANAbIK KaHEe KYpblNbIMAbIK KaCUETTepI,
CapantamagaH eTTi: 28 winde 2025 COHAaW-aK OHbIH, rMapatauma npoueciHe aHe LEeMeHT KOMMO3UTTEPIHIH, MeXaHWKanbiK
KabbingaHnabl: 27 mameisz 2025 KacueTTepiHe acepi 3epTrengi. KnnHkepain, canmak 6oibiHwa 15% kaHe 20% 6eniri KKK-meH

anMacTbIpbingbl. 2, 7 KoHe 28 TIyNiKTe Winy »KaHe CbifbiMaay 6epikTiri aHbikTanabl. ®asanbik
Kypam XRD agicimeH, an MUKpoKypblibim SEM KemerimeH TangaHabl. HaTuxkenep kepceTkeHaen,
knnHkepdi KKK-meH anmacTbipy LeMeHT TacbliHbIH, TbIfbI3A4blFbIH apTTbipadbl KaHe 28 KyHHeH
KeWiH KoFapbl MexaHUKablK Kacuettepre e 6onaapl. OMipaik umknai 6aranay (LCA) Hatvkeci
6oibiHWa 6yn aaic CO, wbiFapbiHAbLIAPbLIH WamameH 15-25% a3aiTybl MyMKiH. 3epTTeyain,
FbIbIMU XKaHanbiFbl KKK-HbIH, NyuLonaHAbIK XaHe MUKpoKocna peTiHae 6ip mesringe apeket
eTeTiHairiHge. Byn HaTvxkenep LEMeHT eHepkacibiHae TypaKTbl TeXHOMOrMANapAbl AAaMbITyFa
YKOHEe OHAIPICTIK KanablKTapAbl TUIMA] KaviTa nanganaHyFa Xon awaapl.

Tyiiin ce30ep: KnuHkep anmactbipy, CO2 WbiFapblHAbINAPbIH a3aiTy, KEPaMUKabIK KanaplkTap,
nyuuonaHabiK — 6enceHAinik, KOCbIMWA LEMEeHTTey MmaTepuangapbl, MUKPOKYPbUIbIMAbIK
Xetingipy.
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AHHOTALMUA

OpHOM M3 OCHOBHbIX 33a4 COBPEMEHHON MHAYCTPUM CTPOWUTENIbHLIX MAaTepuanoB ABAAETCA
pa3paboTka 3KONOTMYECKMN YCTOWUMBBIX, IHEPro3pPeKTUBHbIX U IKOHOMUYECKM OBOCHOBAHHBbIX
coctaBoB. B HacToAWem uccnefoBaHMM  PacCMaTPMBAETCA  BO3MOMHOCTb  MOAyYeHUA
KOMMO3ULMOHHOMO LEeMeHTa NyTeM YacTUYHOM 3aMeHbl K/AWHKepa [lopThaHauemeHTa
nepepaboTaHHbIMKU OTXOAAMW Kepamuyeckoro kupnuua (OKK). OcHoBHas uenb — CHUXeHue
BbIBPOCOB yrnekucaoro rasa (CO,) 3a CHET UCMO/Ib30BaHMA BTOPUYHOTO CbIPbA C NMYLILONAHOBOW U
HaMONHWUTENIbHOIO  aKTUBHOCTbIO. B pamkax  3KCMepuMMeHTa  M3y4YeHbl  XMMWYeECKue,
MMHepanormyeckne n CTPYKTypHble caolictea OKK, a Tak:Ke ero BAnAHME Ha NPOLLEecchl rnapaTaLmm
1N MeXaHWYecKre CBOMCTBA LLeMeHTHbIX Komno3uTtoB. KnnHkep 6bin 3amewéH OKK Ha ypoBHe 15%
1 20% no macce. MexaHUYeCKME UCMBITAHUA Ha U3rMB 1 CKaTUe NPOBOAUAUCH Ha 2, 7 U 28 CYTKM.
®a30BbIi COCTaB ONpeaenanca MeTog0m peHTreHoBCKol andpakumm (XRD), a MUKPOCTPYKTYpa —
METOLOM CKaHMPYIOLLEH 31eKTPOHHOM MUKpocKonuu (SEM). Pe3ynbTaTbl MOKasanu, YTo 3amMeHa
KNAMHKepa Ha OKK cnocobcCTByeT ynIOTHEHUIO CTPYKTYpbl LLeMEHTHOrO KamHA U obecneuymsaet
COMOCTaBMMYH NPOYHOCTb Yepes 28 cyToK. COrNacHo oLeHKe u3HeHHoro umkna (LCA), Bbibpocsl
CO, MoOryT bbiTb CHUXKeHbl Ha 15-25% No cpaBHEHWIO C TPAAWULMOHHBIM LiemMeHTOM. HayyHas
HOBM3Ha 3akK/ovaeTca B KOMBMHWMpoBaHHOW ¢yHKuumM OKK Kak nyuuonaHosoi nobasku u
MWKpo3anonHuTena. [lonyyeHHble [JaHHble MOATBEPXKAAOT NEePCneKTUBHOCTb MNPUMEHeHUA
OTXOA,0B KEPAMUKM B KQ4YeCTBE BTOPUYHOTO CbipbA ANA PaspaboTKU HU3KOYrNEePOAHbIX BAXKYLLMX
KOMMO3MUTOB B PamMKax KOHLLeMLMM 3aMKHYTON SKOHOMMUKM.

Noctynuna: 21 utoHa 2025
PeueHsnpoBaHwue: 28 utona 2025
MpuHATa B nevatb: 27 agzycma 2025

Kniouesble cnoea: 3amelneHue KAWHKepa, CHUKeHue BbibpocoB CO,, OTXoAbl KEpamuKu,
NyuuoiaHoBas aKTUBHOCTb, [AONOJHUTENbHbIE BANXYLIME MaTEPUanbl, MUKPOCTPYKTYpPHOE
YNNOTHEHME.
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